INTRODUCTION
Phase cancellation effects can occur if irregularities in a specimen distort the ultrasonic phase fronts presented to a spatially extended piezoelectric receiving transducer. Among other causes, surface roughness can contribute to wavefront distortion [1] which, in turn, leads to phase cancellation at a piezoelectric receiving transducer. To minimize this problem specimens are often limited to materials that can be prepared with smooth surfaces. Ideally, the nature of the nondestructive evaluation of materials implies that the specimens should not have to be altered merely for the sake of examination. Specifically, actions such as grinding rough surfaces only to improve the quality of the inspection are contrary to the spirit of nondestructive evaluation. Previous studies have shown that phaseinsensitive detection reduces the effects of phase cancellation [2] [3] [4] [5] . Therefore phaseinsensitive detection should be less significantly influenced than phase-sensitive detection by the presence of rough surfaces that may commonly arise from specimen production.
The objective of this work was to compare the performance of phase-sensitive and phase-insensitive receivers in detecting material abnormalities within specimens with rough surfaces. Throughout this study the working definition of abnormal was "a regional change in the microstructure or bulk properties of a material." The parameter chosen to quantify abnormalities was ultrasonic signal loss which was measured in a throughtransmission experiment. Signal loss is defmed as the difference between the ultrasonic signal, S(/), in the presence of some change in the specimen and the signal, So(/), in the absence of such a change. This quantity is expressed in decibels as In this study the change was the presence of a rough surface. (1) Many abnormalities in material properties that are of interest to nondestructive evaluation increase signal loss [6] [7] [8] . Although there may exist some instances in which the following assumption does not hold, for this work abnormal bulk material properties were assumed to increase signal loss by the same amount for phase-insensitive and phasesensitive detection [9] . Such a bulk abnormality might occur at the microscopic level in the material but influence a large region. This may give rise to extended regions with potentially different microstructures yielding different mechanical strengths.
To determine whether a specimen is normal or abnormal from measurements of signal loss, a threshold in decibels is set at a given frequency. Ifthe signal loss exceeds this threshold the measuring system indicates that the specimen is abnormal. Conversely, if the signal loss is less than the threshold then the measuring system indicates that the specimen is normal. Phase-sensitive and phase-insensitive detection cannot be assumed to yield the same value or range of values for a given group of specimens. Because of phase cancellation at piezoelectric receivers, signal loss values for phase-sensitive detection should be greater than or equal to those for phase-insensitive detection [10] . For this reason different thresholds might be chosen for each of the two detection schemes. Because the threshold value affects the capability of detection, an index of performance that is independent of the threshold is needed. The receiver operating characteristic, commonly abbreviated by the acronym ROC, provides such an index [11] [12] [13] . ROC analysis is a standardized, quantitative index of performance that considers all possible threshold values and weighs the possible outcomes for each threshold.
EXPERTIMENTALPROCEDURE
Distributions of signal loss values needed to construct ROC curves were measured using a planar transmitting transducer, a pseudo-array receiver, and a specimen whose rough surface had been produced to conform to specific roughness characteristics. Signals from the sites of the receiving array were analyzed phase-sensitively and phaseinsensitively so that identical positions on the rough surface and identical time traces were used for both types of detection.
Through-transmission measurements were conducted in a water-immersion tank using separate transmitting and receiving transducers as illustrated by Figure 1 . The transmitting transducer was excited with a broadband pulse, and the resulting signals from the receiving array were analyzed as described in the following section. The specimen was first insonified in a region where the surface facing the receiving transducer was rough. Next, the specimen was insonified in a region where both surfaces were smooth to obtain a reference measurement which was used to compensate for the frequency response of the measurement system. Signal loss was calculated from these measurements using Equation (1).
The specimen was a I-inch thick block of 2024 aluminum with a 2-inch by 2-inch area of roughness on the surface facing the receiving transducer. The specimen's smooth, front surface was positioned 2 inches from a IO-MHz center frequency, OJ-in diameter, planar, transmitting transducer. The rough surface was created by Dr. Peter Nagy using a computer controlled impact machine. He mapped out the surface topography with an acoustic microscope and, from this independent measurement, determined the rms height and autocorrelation length to be 54 11m and 750 11m respectively [14] . The receiving transducer was a 1.0-mm diameter, PVDF needlepoint hydrophone. It has a very broadband response so that the frequency response of the system is mainly determined by the response ofthe transmitting transducer. The hydrophone was scanned in a twodimensional pseudo-array consisting of a grid of 17 by 17 sites, measuring 12.8 mm on Transmitting Transducer each side. The size of the array was chosen so that it approximately corresponded to commonly used 0.5-inch diameter transducers. The plane of the array was 1.0 cm from the back, rough surface ofthe specimen. We analyzed 64 positions in the rough region.
Reference measurements were acquired in a similar manner, except the rough (back) surface was replaced with a smooth surface on the same specimen. To insure there were no unforeseen variations in the reference, it was calculated from the average spectra of 8 positions in the smooth region.
SIGNAL ANALYSIS
Signals from the array at each position in the rough region were analyzed separately in a phase-sensitive and a phase-insensitive manner. These two analyses are diagrammed in Figure 2 . To simulate a phase-sensitive transducer using the hydrophone-based pseudoarray, the time traces from all 289 sites of the array were summed to give a resultant signal. In Figure 2 the box labeled "Magnitude Spectrum" represents the calculation of the magnitude of the discrete Fourier transform of a time trace. After expressing the spectrum in decibels, the average reference spectrum was subtracted from it. The reference spectrum was also produced by phase-sensitive analysis.
Phase-insensitive analysis was conducted in a similar manner except for one significant difference: instead of summing the time traces, the discrete Fourier transform of the time trace from each array site was calculated first. Again the box labeled "Magnitude Spectra" represents the calculation of the magnitudes of the discrete Fourier transforms of the time traces. Next, the magnitude spectra from a11289 sites of the array were summed to produce a resultant spectrum. After expressing this spectrum in decibels, the average reference spectrum was subtracted from it. In this case, the reference spectrum was produced by phase-insensitive analysis. Because the reference was measured through the smooth surface with planar transmitting transducers, the reference spectra for both types of analysis were very similar within the bandwidth of the system, 3 to 11 MHz. To produce ROC curves, the effects of an abnormality were simulated using histograms of the actual experimental data and some simple assumptions. First we assumed that abnormalities increase signal loss. To simulate this effect we shifted the centroid of the distributions for both the phase-sensitive and phase-insensitive signal loss by I dB. It was also assumed that the distribution of abnormal data was the same shape and width as the distribution of normal data. In actuality, it is likely that measurements of phase-sensitive signal loss from abnormalities would produce greater variability and therefore a greater width in the distribution than phase-insensitive signal loss. This last assumption is the best-case scenario for phase-sensitive detection.
RESULTS
Histograms of the measured signal losses expressed in decibels are shown in Figure 3 . The first column shows phase-insensitive data while the second column shows phasesensitive data. Each row displays a different frequency from 4 to 10 .MHz. Each histogram contains 64 data points. Values of signal loss are displayed on the horizontal axis and the number of counts for each value are displayed on the vertical axis. The bin size used in the figure is 0.5 dB. The bin size used in calculating the ROC curves is 0.1 dB.
Effects of phase cancellation across the face of a phase-sensitive receiver are revealed in the histograms shown in Figure 3 . Because of phase cancellation, signal loss is overestimated by these receivers. The result is an increase in the centroid of the distribution as the frequency increases. This agrees with another study that showed that the average signal loss of ultrasound transmitted through a rough surface and received phasesensitively increases as a function of frequency squared [14] . Another effect of phase cancellation is an increased variability in phase-sensitive signal loss. This effect appears as a broadening of the width of the distribution as the frequency increases.
Phase-insensitive detection is much less susceptible to phase cancellation across the face of a fmite receiver. In materials with rough surfaces, the distributions of phase- insensitive signal loss show better characteristics. As Figure 3 indicates, the centroids of the distributions for phase-insensitive signal loss shift much less than for phase-sensitive signal loss. There is very little broadening in the widths of the distributions for phaseinsensitive signal loss. Figure 4 shows the ROC curves resulting from the simulation of the effects of a 1 dB abnormality introduced to the distributions of phase-sensitive and phase-insensitive signal loss. The x's indicate the phase-sensitive data and the circles indicate the phase-insensitive data. Each symbol represents the percentage of false positives and true positives for a given threshold. The figure demonstrates that as the frequency increases the ROC curve for phase-sensitive detection becomes more like a diagonal line indicating a degradation in its performance. In contrast, the ROC curve for phase-insensitive detection shows only a very slight degradation in performance with an increase in frequency.
One commonly accepted method to characterize an ROC curve (and therefore the performance of a detection method) with a single parameter is to calculate the area under the curve [11, 13] . This index is shown in Figure 5 where the area under the curve for both phase-sensitive and phase-insensitive detection is depicted as a function of frequency. As frequency increases, this figure quantitatively shows that the performance of phasesensitive detection decreases dramatically while the performance of phase-insensitive detection lessens only slightly . 
CONCLUSIONS
Roughness can influence the signal loss distribution in two ways. First, roughness distorts the shape of the ultrasonic field causing some energy to miss the fmite aperture of the receiver [15] . Roughness also distorts the phase of the ultrasonic field causing phase cancellation across the face of phase-sensitive receivers. The relative contributions of these effects can be qualitatively judged by examining the performance of the two detection types. Because of their nature, phase-insensitive transducers are essentially unaffected by phase-cancellation. Most likely, the slight drop in performance of the phase-insensitive detection may be caused by distortion of the shape of the field. Phase-sensitive detection is affected by both influences. Judging by the differences in the areas under the ROC curves shown in Figure 5 , phase cancellation had a proportionally greater effect in our study.
A greater rms height of the roughness will increase phase distortion and thus decrease the performance of phase-sensitive detection, but such a change will minimally affect the performance of phase-insensitive detection.
At each frequency investigated, the ROC curves and the areas under those curves show that phase-insensitive techniques are more effective at detecting material abnormalities in the presence of rough surfaces than phase-sensitive techniques. In the presence of surface roughness, the implementation of phase-insensitive receivers could lead to significant practical benefits in the detection of material abnormalities.
